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ABSTRACT A 32-base-pair DNA fragment containing a
thymine photodimer was constructed and ligated head-to-tail
to obtain multimers of this sequence in which thymine dimers
were in phase with the helix screw axis (=w3 turns apart). The
ligation products were analyzed by one- and two-dimensional
gel electrophoresis and quantitative electron microscopy.
These analyses show that the thymine photodimer introduces a
bend of =:30 in DNA, which causes anomalously slow migra-
tion of DNA fragments in polyacrylamide gels and facilitates
the formation of small covalent circles. Repair of thymine
dimers by DNA photolyase abolishes the anomalous migration.
UV-induced pyrimidine dimers are perhaps the most fre-
quent damage inflicted on DNA by the environment. The
dimers are recognized and repaired by a number of enzymes,
which use dissimilar chemical strategies (1, 2). To better
understand the mechanism of dimer-induced mutation and
cell lethality and how dimers are recognized by repair
enzymes it will be necessary to know how the structure of
DNA is altered by dimer or by other nucleotide diadducts
that have similar biological effects. X-ray crystallography
has been useful in determining the structures of pyrimidine
dimer, psoralen, and cisplatin adducts in dinucleotide forms
(3-5). However, it has not been possible so far to solve
structures of oligonucleotides containing these adducts for
lack of suitable crystals. Other methods such as melting
temperature determinations (6), analysis of randomly dam-
aged DNA on band-counting gels (7), molecular graphics
based on energy minimization combined with model building
(8, 9), and more recently two-dimensional NMR studies with
a dimer-containing dodecanucleotide (10) have provided
some useful, but at times contradictory, information regard-
ing the structure of dimer-containing DNA.
In this communication, we report the results of our studies
on structural changes induced in DNA by a thymine dimer.
For these studies, we have used a synthetic DNA fragment
containing a thymine dimer at a unique location. This
fragment was ligated in such a way that the multimers of the
fragment contained thymine dimers at 32-base-pair (bp)
intervals (-3 turns). The ligation products were then ana-
lyzed by gel electrophoresis and electron microscopy to
detect structural anomalies-mainly bends or kinks.
MATERIALS AND METHODS
Materials. A synthetic 48-mer duplex with or without a
thymine dimer was constructed by ligating 6 complementary
oligonucleotides ranging in size from 11 to 17 nucleotides;
the central 11-mer contained a cis,syn thymine dimer in one
case and normal bases in the other. These 11-mers were
labeled with 32P using polynucleotide kinase and therefore
the resulting 48-mers contained internal labels. The con-
struction and purification of the duplexes has been described
elsewhere in detail (11), the only difference here being that
"arm" oligomers of different sequences and lengths were
used to construct BamHI and Bgl II sites on either sides of
the dimer (or TT sequence) for eventual production of
multimers of the core duplexes. Escherichia coli DNA
photolyase was purified to homogeneity as described before
(12).
Methods. Digestions of the 48-mers with BamHI and Bgl II
(New England Biolabs) were done as specified by the
supplier. The resulting 32-mers were separated on a 10%
nondenaturing polyacrylamide gel and electroeluted. The
purified 32-mers were then ligated at a concentration of 3
Ag/ml (150 nM) in the presence of excess BamHI and Bgl II
so as to affect directional ligation. The ligation products
were analyzed by one-dimensional or two-dimensional gel
electrophoresis or by electron micrography. For photoreac-
tivation experiments, photolyase was added to 50 1.l of
reaction mixture to 50 ttg/ml and the samples were either
incubated under yellow light (A, >500 nm) or exposed to 366
nm light from two Sylvania F15T8/BLB lamps (15 W) at a
fluence rate of 14 jmM-2'sec-1 for 1 hr. For analysis on
one-dimensional gels, sodium dodecyl sulfate was added to
each sample to 0.5% and the samples were heated at 370C for
15 min before loading onto the gels. Analysis of the ligation
products on two-dimensional gels was conducted essentially
as described by Ulanovsky et al. (13). Briefly, after separat-
ing the DNA on a 5% polyacrylamide gel in the first
dimension, the circular and linear molecules were separated
by running the second dimension on a 10% polyacrylamide
gel containing chloroquine phosphate (50 iug/ml). For anal-
ysis of the ligation products by electron microscopy, the
ligated DNAs were directly adsorbed to thin carbon films in
a buffer containing spermidine (14), washed with water and
a graded ethanol series, air-dried, and rotary shadowcast
with tungsten. Samples were examined in a Philips EM400
operated at 230 kV. The contour length of the DNA circles
was determined by projecting the electron micrographs onto
a Summagraphics digitizer coupled to an IBMPC-AT com-
puter with fully smoothed contour measuring programs
developed at the University of North Carolina.
RESULTS AND DISCUSSION
The DNA fragment used in this study was a 48-bp synthetic
duplex that contained a thymine photodimer in a central
location and aBamHI site near one terminus and a Bgl II site
near the other. The fragment was constructed by ligating 6
complementary oligomers, one of which contained a thy-
mine dimer (11). When this 48-bp DNA is digested with
BamHI and Bgl II restriction enzymes a 32-mer with "sticky
ends" is generated (Fig. 1), which upon ligation in the
presence of both enzymes generates multimers with each
monomer oriented in the same (head to tail) direction.
In these multimers, the thymine dimers are separated from
one another by approximately three turns of the helix. It was
hoped that by positioning the photodimers in phase with the
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T4 DNA LigosA AGATCCGGTGCAGGCAAGTTGGAGGAATTCGTAGATCCGGTGCAGGCAAGTTGGAGGAATTCGTAGATCCGGTGCAGGCAAGTTGGAGGAATTCGTA
GCCACGTCCGTTCAACCTCCTTAAGCATCTAGGCCACGTCCGTTCAACCTCCTTAAGCATCTAGGCCACGTCCGTTCAACCTCCTTAAGCATCTAG
FIG. 1. DNA with a thymine dimer at a unique location. The 48-bp fragment (Top) produces a 32-mer (Middle) upon digestion with BamHI
and Bgl II. Ligation in the presence of both enzymes results in the polar joining of fragments to produce (Bottom) either linear or circular
molecules containing n 2 3 multiples of the 32-mer. The location of thymine dimers is shown by A. The nondimer fragments were constructed
by the same protocol.
helix screw axis bending caused by a single adduct would be
amplified, thus making the detection easier (15).
Fig. 2 shows the analysis of the ligation products of the
32-mer and its undamaged counterpart on a 10% polyacryl-
amide gel. No significant difference in the migration of the
32-mers with and without the photodimer was observed.
However, the multimers of the photodimer-containing frag-
ment migrated slower than their undamaged counterparts.
The mobility shift was such that a 224-bp fragment (7-
oligomers) containing 7 thymine dimers migrated like a
256-bp fragment (8-oligomers) that lacked the photodimers
(Fig. 2, lanes 2 and 3). We wished to demonstrate unambig-
uously that this mobility shift was due to photodimers and
not to an artifact in preparation and ligation of the two
separate DNA fragments. To do this, the two ligation
products were mixed with E. coli DNA photolyase, which is
specific for cis,syn pyrimidine dimers and were exposed to
photoreactivating light and then separated on a polyacryl-
amide gel. The results are shown in Fig. 2, lanes 5 and 6.
Incubation of the DNAs with photolyase in the dark had no
effect on the mobility of the undamaged or damaged DNA; in
contrast, when the mixtures were exposed to photoreacti-
vating light to repair the thymine dimers, the migration of the
previously damaged DNA became identical to that of un-
damaged DNA, indicating that thymine dimers were the
cause of anomalous electrophoretic migration. Since anom-
alously slow migration of DNA in highly crosslinked gels is
considered to be diagnostic of the presence of a bent helix
(15), we conclude that thymine photodimers bend DNA.
We wished to verify the above conclusion by an indepen-
dent method (16), since anomalous migration of DNA frag-
ments can also be caused by other unusual structures such as
cruciforms, lariats, and gaps (see refs. 17 and 18). If the
anomalous migration is caused by unidirectional bending,
one should be able to obtain smaller circles with the anom-
alously migrating DNA than with (straight) normal B-DNA
(13, 19, 20). The circles produced by ligation were detected
and quantitated by two-dimensional gel electrophoresis and
electron microscopy. Fig. 3 A and B are autoradiograms of
two-dimensional gels containing undamaged and damaged
DNA, respectively. The spots in these gels were cut out and
the structure and length ofDNA in each spot were identified
by analysis on denaturing gels (13, 20). As is apparent from
this figure, there are clearly more small circles in damaged
DNA multimers than in nondamaged DNA. This is seen
more graphically in Fig. 4 in which we plotted the fraction of
mass in circles for a given length DNA for both the dimer-
containing and undamaged DNA. While circles first appear
at 96 bp for both types of DNA, the frequency of small
circles is higher in the damaged DNA and it peaks at 160 bp,
while that of undamaged DNA increases up to 192 bp and
then levels off. The behavior of nondamaged DNA in our
experiments is essentially similar to that reported by Shore
et al. (19) even though we obtained small circles at some-
what higher frequency than they reported. This discrepancy
is at least partly due to the fact that under our experimental
conditions the larger linear fragments are first generated by
ligation of smaller fragments and thus the effective concen-
tration of DNA available for making small circles is higher
than that available for making large circles. These differ-
ences notwithstanding, it is clear from Fig. 4 that pyrimidine
dimers repeated in phase with the helix screw axis bend the
DNA unidirectionally, allowing it to circularize with DNA
ligase at a significantly smaller size than non-dimer-
containing DNA.
The conclusions reached by analysis using two-dimen-
sional gel electrophoresis were confirmed by direct electron
microscope visualization of the two ligated DNAs (with and
without thymine dimers). Fields of circles from the two
preparations are shown in Fig. 5. The electron microscope
analysis was done with two sets each of coded samples, such
that the nature of the samples was not known until the
photography and analysis were complete. It was apparent
that the DNA with thymine dimers contained many circles of
a size corresponding to 128 and 160 bp (50% of the total mass
of circles; Fig. 6), whereas the DNA lacking thymine dimers
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FIG. 2. Anomalous migration ofthymine dimer-containing DNA
on a polyacrylamide gel. The 32-mers shown in Fig. 1 (with and
without dimers) were ligated at a concentration of 3 u&g/ml, mixed
with photolyase (50 ug/ml), and then analyzed on a 12% nondena-
turing polyacrylamide gel before (- PR) and after (+ PR) treatment
with photoreactivating light. NaDodSO4 was added to 0.5% to all
samples before loading onto the gels. Electrophoresis was carried
out under yellow light to prevent photoreactivation. Lanes: 1,
32-mer without dimer; 2, ligation product of the nondimer fragment;
3, ligation product of dimer-containing fragment; 4, 32-mer with
dimer; 5 and 6, same as lanes 2 and 3, respectively, after photore-
activation. The Roman numerals indicate the multiplicity of 32-mers
in each band of undamaged (lanes 2 and 5) or repaired (lane 6) DNA.
contained only 17% of the total circle mass in this size range.
These results are in good agreement with those obtained by
two-dimensional gel electrophoresis, even though the
method of data analysis is somewhat different in the two
approaches. In analyzing the data obtained by two-
dimensional gels, we plotted the fraction of the total DNA
mass present as circles at each length class (Fig. 4) in
accordance with the original method of analysis used in
these types of studies (19). In analyzing the electron micro-
scope data, we considered only the circular species present
in the fields of molecules and expressed the amount ofDNA
in each circle class as a fraction of the total circle mass. The
distribution of linear species was not considered in part due
to an artifactual end-to-end noncovalentjoining of very small
DNA fragments. Despite these differences in data analysis,
both sets of data clearly show that thymine dimers in DNA
located at intervals in phase with the helix screw of B-DNA
favor the formation of small circles by bending DNA.
Significantly, the electron microscope data show a second
peak of circles at -320 bp (2 x 160 bp) as would be expected
from ligating relatively rigid DNA fragments with a fixed
bend in a unique direction. Because of limited quantity of the
uniquely modified substrate, we were unable to study the














FIG. 3. Analysis of ligation products of dimer containing and
undamaged DNA by two-dimensional gel electrophoresis. The liga-
tion mixtures of unmodified (A), and modified (B) 32-mers were
separated first on 5% polyacrylamide gels (1st dimension) and then
on 10% polyacrylamide gels containing chloroquine phosphate (50
,&g/ml) (2nd dimension). The length and structure (linear vs. circu-
lar) of the molecules in the two classes of spots were determined by
extracting the DNA from the two-dimensional gels and analyzing it
on sequencing gels with appropriate Mr standards (data not shown).
The doublets in the circle class of spots correspond to nicked
(Upper) and covalently closed (Lower) circles (13, 20). The numbers
1-9 indicate the length ofDNA as multiples of the repeating 32-mers
present in each spot.
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FIG. 4. Number distribution of circles formed upon ligation of
32-mers with (v) and without (v) thymine dimer. The spots corre-
sponding to each size class shown in Fig. 3 were extracted and the
radioactivity in each species was quantitated by Cerenkov counting.
Average values from 3 experiments are plotted as circles/(circles +
linears) vs. size class (abscissa).
digesting the 48-mer with BamHI and EcoRI, we generated a
23-mer, which upon ligation produced multimers in which
the dimers were spaced at 48-bp intervals in both strands
with a 16-bp stagger relative to the complementary strand.
We found that these multimers migrated slightly slower than
dimer-free controls. However, the migration differential did
not appreciably increase with the state of multimerization,
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FIG. 5. Electron microscopic visualization ofDNA circles with
and without thymine dimers. Circles as small as 128 bp (A, arrows)
were observed frequently when ligated preparations of the 32-mer-
containing thymine dimers were directly visualized by electron
microscopy, whereas the most common circles were significantly



















FIG. 6. Mass distribution of DNA circles present in the ligated
32-mer with and without thymine dimers. To compare the mass
distribution of DNA present as circles in the two DNA populations,
electron micrographs were taken of random fields of molecules such
as those in Fig. 5. The contour length of all circles in each set was
determined, and for each set the length of all circles was summed
and then plotted as a distribution of circle length (mass in a circle
class/total mass in circles vs. length). DNA circles with (Upper, 70
molecules measured) and without (Lower, 117 molecules measured)
thymine dimers.
and furthermore the frequency of circle distribution was not
different from nondimer substrate (data not shown), indicat-
ing the importance of phasing in circularization.
From the optimal size of circularization of 160 bp apparent
from both two-dimensional gel and electron microscope
(most obvious in Fig. 4) analyses, an approximate value for
thymine dimer-induced bend may be obtained. By dividing
3600 by 160 (the number of bp in the circle), one obtains an
average of 2.20 of bending per bp. Since the flexibility of
DNA is =1.3o per bp (13, 19), it is concluded that 5 thymine
dimers introduced (2.2 - 1.3) x 160 = 1440 of bending or
=290 per thymine dimer. It must be stressed, however, that
this is not a rigorous thermodynamic analysis, and therefore
this value should be considered in context with values
obtained by other methods. Hayes et al. (6) reported that a
thymine dimer disrupts H-bonding of 4 bp, as determined by
melting temperature studies. Rao et al. (8) using molecular
mechanics calculations suggested that the only significant
structural perturbation introduced by the dimer was con-
fined to the N-glycosylic bond. Pearlman et al. (9), using the
same approach as Rao et al. (8) but allowing for energy
minima far removed from the starting structure, arrived at a
model in which the dimer unwound the DNA by 19.70 and
kinked it by 270. The solution studies by Ciarrocchi and
Pedrini (7) on the distribution of topological isomers of
UV-irradiated DNA gave a 14.30 unwinding, while the
studies presented in this communication suggest a 290 bend-
ing ofDNA by a pyrimidine dimer. We are therefore inclined
to think that the kinked DNA model suggested by Pearlman
et al. (9) is a close approximation of the actual structure of
thymine dimer in a double helix: 14°-20° unwinding, 27°-29°
kink, and the disruption of H-bonds of 4 bp. The fact that we
obtain small circles with dimers placed at B-DNA periodicity
may be taken as evidence that dimers do not cause signifi-
cant unwinding. It must be pointed out, however, that the
32-bp interval between the dimers is 0.5 bp longer than three
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helical turns. This puts the dimer induced bends + 17.10 out
of phase, which is presumably compensated for by the
- 19.70 unwinding predicted by the model. Alternatively, it
is conceivable that the fragments have extensive torsional
flexibility to allow in-phase alignment of termini even if there
were no dimer-induced unwinding. In conclusion, our stud-
ies have provided experimental evidence for photodimer-
induced bend; however, the determination of the actual
distribution of deformities on the DNA backbone around the
dimer must still await two-dimensional NMR and x-ray
crystallographic studies.
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